Anaerobic degradation of monochlorophenols and monochlorobenzoates in a variety of aquatic sediments was compared under four enrichment conditions. A broader range of compounds was degraded in enrichments inoculated with sediment exposed to industrial effluents. I)egradation of chloroaromatic compounds was observed most often in methanogenic enrichments and in enrichments amended with 1 mM bromoethane sulfonic acid. Degradation was observed least often in enrichments with added nitrate or sulfate. The presence of 10 mM bromoethane sulfonic acid prevented or inhibited degradation of most compounds tested. Primary enrichments in which KNO3 was periodically replenished to maintain enrichment characteristics degraded chlorobenzoates, but not chlorophenols. In contrast, primary enrichments in which Na2SO4 was periodically replenished failed to degrade any chloroaromatic compounds. Upon transfer to fresh medium, none of the sulfate enrichments required the presence of Na2SO4 for degradation, while only two nitrate enrichments required the presence of KNO3 for degradation. As a class of compounds, chlorophenols were degraded more readily than chlorobenzoates. However, as individual compounds 3-chlorobenzoate, 2-chlorophenol, and 3-chlorophenol degradation was observed most often and with an equal frequency. Within the chlorophenol class, the relative order of degradability was ortho > meta > para, while that of chlorobenzoates was meta > ortho > para. In laboratory transfers, 2-chlorobenzoate, 3-chlorobenzoate, and 2-chlorophenol degradation was most easily maintained, while degradation of para-chlorinated compounds was very difficult to maintain.
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Aerobic degradation of chloroaromatic compounds has been studied fairly extensively, but relatively little was known about anaerobic degradation of these compounds until recently. Investigations done over the past few years have indicated that anaerobic degradation of chlorinated aromatic compounds occurs. In contrast to aerobic degradation, the first step appears to be removal of the halogen, i.e.. reductive dechlorination, leading immediately to the formation of a less toxic, more biodegradable compound (13. 23) . Reductive dechlorination under methanogenic conditions has been reported for a number of chlorinated aromatic compounds, including chlorobenzoates (11-13. 21, 23) ; chlorophenols (4, 5, 11, 12, 14, 17, 19, 24) :, and a variety of herbicides, pesticides, and industrial pollutants (2, 6, 11, 14, 17, 19, 22, 25) . Degradation of these compounds has been investigated in a number of anaerobic ecological systems, including sewage sludge, sediments, soils, and groundwateraquifers: but a single chlorinated compound, or class of chloroaromatic compounds, was usually examined. Most researchers have investigated degradation under methanogenic conditions. A few examined degradation of halogenated benzoates under anaerobic, nitrate-reducing conditions (1, 20, 26) . Only recently was reductive dechlorination examined and compared under more than one anaerobic condition. One study (24) investigated degr-adation of chlorophenols in methanogenic versus sulfate-reducing groundwbater aquifers. A subsequent investigation compared the degradation of several classes of chlorinated aromatic compounds in these two aquifers (11) .
Our goal was to compare the degradation of chloroaroCorresponding author. Anaerobic methods and media. The anaerobic techniques and enrichment medium have been described previously (9) ; however, the pH of the enrichment medium was 7.0; 5% ruminal fluid was replaced with 0.1% yeast extract, and the gas phase contained 90% N, and 10%c CO. This robenzoate. Range Point enrichments degraded only 3-chlorophenol and 3-chlorobenzoate. If only the methanogenic enrichments are considered, the acclimation times for particular chloroaromatic compounds, i.e., the length of time to observe degradation, were similar among inocula. A shorter period for acclimation to 4-chlorophenol and 2-chlorobenzoate with the Eleven Mile Creek inoculum and longer acclimation for 3-chlorobenzoate with the Range Point inoculum were notable exceptions.
(ii) Effect of enrichment condition. Degradation of the chlorinated compounds was observed more frequently in methanogenic enrichments (18 of 30 enrichments) and in enrichments amended with 1 mM BESA (15 of 24 enrichments) than in those amended with nitrate (9 of 24 enrichments) or sulfate (7 of 24 enrichments), as indicated by the ratios between enrichments that were positive for degradation and total enrichments of a particular type (Tables 1 and  2 ). Exceptions to these observations occurred within individual inocula, i.e., the Escambia River site A inoculum degraded the chlorinated compounds with an equal frequency under the four enrichment conditions, while the Bayou Chico inoculum degraded more compounds in nitrateamended enrichments than under the other three enrichment conditions.
In contrast to 1 mM BESA, the presence of 10 mM BESA prevented the degradation of 3-chlorophenol and 4-chlorophenol and delayed the degradation of 2-chlorobenzoate and 3-chlorobenzoate. The periodic addition of nitrate to the Eleven Mile Creek inoculum prevented the degradation of all three chlorophenols and delayed the degradation of 2-chlorobenzoate. However, degradation of 4-chlorobenzoate, which was not observed in methanogenic enrichments, did occur in these enrichments. Interestingly, degradation was not observed while Na2SO4 was being replenished. Two months after additions of Na2SO4 ceased, none of the chlorinated compounds were degraded. However, following an additional 6 months of incubation, degradation of all three chlorophenols was complete.
It is important to note additional examples in which degradation occurred in the presence of nitrate (3-chlorophenol from Escambia River site A and 4-chlorobenzoate from Bayou Chico and Eleven Mile Creek), sulfate (3-chlorophenol from Escambia River site A and 4-chlorophenol from Bayou Chico), and BESA (3-chlorophenol from Escambia River sites A and B) but not in the absence of these enrichment amendments.
Considering all enrichment types, acclimation times to the parca-chlorinated compounds were most variable. The effect of adding BESA or sulfate on the acclimation time for a particular chloroaromatic compound was inconsistent. While the presence of nitrate decreased acclimation times in four cases (4-chlorophenol, Escambia River site A; 4-chlorobenzoate, Bayou Chico; and 3-chlorobenzoate and 4-chlorobenzoate, Eleven Mile Creek), it increased in one case (2-chlorobenzoate, Eleven Mile Creek).
(iii) Effect of aromatic structure and isomer. The degradation of chlorophenols was observed more often than the degradation of chlorobenzoates (Tables 1 and 2 Laboratory transfers of primary enrichments. In the first laboratory transfer of several primary enrichments, the presence of the terminal electron acceptors KNO3 or Na2SO4, the inhibitor BESA (10 mM), and/or site water had an effect on biodegradation (Table 3) .
Site water stimulated degradation in laboratory transfers of Range Point enrichments, as seen by a shorter lag period and faster disappearance. An enrichment medium devised for the cultivation of estuarine bacteria replaced the need for site water (data not shown).
The 3-chlorobenzoate and 4-chlorobenzoate enrichments from Bayou Chico that were amended with nitrate required the presence of both site water and KNO3 for degradation in a laboratory transfer, as illustrated in Fig. 1 for 3 -chlorobenzoate. In contrast to the Range Point enrichments, a medium amended for the cultivation of estuarine bacteria did not support the degradation of 3-chlorobenzoate and 4-chlorobenzoate by the Bayou Chico enrichments with or without added KNO3 (data not shown). All other primary enrichments originally amended with nitrate failed to degrade their respective chloroaromatic compounds when they were transferred in the presence of nitrate (Table 3 ). This is illustrated in Fig. 2 with data obtained for 3-chlorobenzoate degradation by the Escambia River site A inoculum.
With one exception, the rate of degradation decreased when Na2SO4 was present in first transfers of enrichments that were originally amended with sulfate (Table 3 ). In this exception degradation of 4-chlorophenol in a Bayou Chico enrichment was stimulated by the presence of Na2SO4, reducing the time to degrade 500 ,uM 4-chlorophenol from 5 to 2 months (Fig. 3) . In comparison, complete degradation of 500 ,uM 4-chlorophenol by a laboratory transfer of a methanogenic enrichment from Bayou Chico took 10 months.
The likelihood that the degradative activity observed in a primary enrichment could be maintained following a laboratory transfer was apparently related to the chloroaromatic compound involved (Table 3 ). In the first laboratory transfer, all primary enrichments that degraded 2-chlorobenzoate and 3-chlorobenzoate and most that degraded 2-chlorophenol (11 of 12 enrichments) continued to show degradative activity. Somewhat fewer of the 3-chlorophenol enrichments (7 of 11 enrichments) maintained degradation in the first laboratory transfer. In contrast, few of the enrichments that degraded 4-chlorophenol (3 of 8 enrichments) became active. Although none of the 4-chlorobenzoate enrichments became active in a laboratory transfer, we were able to maintain degradative activity for over 1 year in a 4-chlorobenzoate primary enrichment by periodically replenishing 4-chlorobenzoate.
In subsequent laboratory transfers over a period of 2 years, 2-chlorobenzoate, 3-chlorobenzoate, and 2-chlorophenol degradative activities were most easily maintained; i.e., all 2-chlorobenzoate enrichments remained active, while only a few 3-chlorobenzoate and 2-chlorophenol enrichments lost activity. At present we have two enrichments which degrade 4-chlorophenol.
The ability to maintain degradation in the first laboratory transfer was also related to the primary enrichment condition. The degradative activities of methanogenic enrichments and the enrichments originally amended with KNO3 or 1 mM BESA were readily maintained, as 89, 77, and 73% of the active primary enrichments, respectively, remained active in the first laboratory transfer (Table 3) . Primary enrichments which were originally incubated in the presence of sulfate were more difficult to maintain, in that only 57% maintained degradative activity on being transferred (Table  3 ). This relative relationship was also true for the propagation of degradative activity in subsequent laboratory transfers.
There was no apparent relationship between the source of inoculum and the ability to propagate degradative activity in the laboratory.
High-performance liquid chromatographic analysis. After 1 month, a compound with a retention time similar to that of benzoate was detected in all phenol and 2-chlorophenol (8, 11) . (11, 24) have reported similar observations in the investigation of chloroaromatic compound degradation in methanogenic and sulfate-reducing sites of a groundwater aquifer. In contrast to replenishment of Na2SO4, enrichments in which KNO3 was replenished degraded all three chlorobenzoates but failed to degrade any chlorophenols. In the case of 4-chlorobenzoate, degradation only occurred in the enrichment amended with nitrate. The addition of nitrate to sites contaminated with chlorobenzoates, or related compounds, in order to stimulate their degradation is a potential approach to bioremediation. However, this approach to bioremediation must also take into consideration the environmental impact of adding nitrates.
It should be noted that the inability to propagate the degradation of chloroaromatic compounds under nitrate-and sulfate-reducing conditions in many laboratory transfers could result from the loss of a factor that is required by those populations but that is not required by a methanogenic population.
The detection of nonchlorinated compounds in enrichments and laboratory transfers subsequent to a decrease in the level of the chloroaromatic compound indicates that reductive dechlorination is the initial step in the degradation of the chloroaromatic compounds tested, as reported previously for halobenzoates (13, 23) . Interestingly, we detected a compound that was tentatively identified as benzoate in several 2-chlorophenol primary enrichments and in laboratory transfers of enrichments which degraded 2-chlorophenol and 3-chlorophenol. Conversion of phenol to benzoate in anaerobic sewage has been described recently (15) . In a companion report (10) , the formation of benzoate during anaerobic chlorophenol degradation is described.
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on July 9, 2017 by guest http://aem.asm.org/ Downloaded from as was also apparent in the data reported by Gibson and Suflita (11) . The acclimation times and relative order of degradability observed in our enrichments, as well as the previously reported order for the rate of disappearance (4, 5, 17) , indicate that in anaerobic sediments 2-chlorophenol would be degraded more readily than 3-chlorophenol, which would both, in turn, degrade more readily than 4-chlorophenol. Although 2-chlorobenzoate and 4-chlorobenzoate were previously reported to be persistent (12, 13) , the relative degradability of halobenzoates (13) was reported to be meta > ortho > para. These observations and the data obtained in the present study suggest that in anaerobic sediments mchlorobenzoates would degrade much more readily than would either o-or p-chlorobenzoates.
Information obtained from further study of our enrichments, applied alone or in conjunction with aerobic degradation in situ or in a waste treatment facility, could provide a method for bioremediation of anaerobic sediments and soils contaminated with mono-and/or polychlorinated aromatic compounds.
